The treatment of pain is a clinical priority in both human and veterinary medicine, and as with any disorder, effective treatment begins with accurate diagnosis. Pain has been defined as "an unpleasant sensory and emotional experience associated with actual or potential tissue damage, or described in terms of such damage" 1 , and its presence is inferred from behavior. In verbally competent humans, pain is typically communicated with verbal behavior guided by numerical or visual-analog rating scales 2 , but in nonverbal humans (e.g., infants) or in nonhuman animals, pain must be inferred from other behaviors [3] [4] [5] . Behaviors used to diagnose pain in nonverbal organisms are identified as those elicited by noxious stimuli that can or do produce tissue damage and that do produce verbal reports of pain in humans. For research purposes, these painrelated behaviors can be categorized into at least two general classes: pain-stimulated behaviors and paindepressed behaviors 6,7 ( Table 1) .
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Pain-related behavioral dePression
Preclinical research on the neurobiology and treatment of pain has for decades relied almost exclusively on the assessment of pain-stimulated behaviors 6 . Recently, several factors have contributed to a growing interest in the use of pain-depressed behaviors as experimental endpoints in preclinical research. First, recent failures in analgesic drug development have eroded confidence in the translational validity of traditional assays of painstimulated behavior and promoted consideration of alternative preclinical pain models 6, [8] [9] [10] [11] [12] . Second, pain is commonly associated with functional impairment and behavioral depression in both human and veterinary medicine. In humans, this depression of behavior is also often accompanied by comorbid depression of mood [13] [14] [15] . Moreover, signs of behavioral depression are often used clinically both to diagnose the presence of pain and to evaluate the efficacy of analgesic drugs or other treatments. In humans, for example, painrelated depression of behavior can be assessed using instruments such as the Brief Pain Inventory, which scores the impact of pain states on behaviors such as walking, working or social interaction 16, 17 . In animals, pain-related depression of behavior can similarly be assessed by measures of locomotor activity, feeding or social interactions with conspecifics 5, 18 . The clinical utility of assessments of pain-depressed behavior in the diagnosis and treatment of pain suggests that such measures might also be useful for translational research on the expression, neurobiology and treatment of pain.
Third, apparent analgesic effects on pain-stimulated behavior may be confounded by drug effects that cause motor impairment 19 , producing false positive results. In a conventional assay of pain-stimulated behavior, for example, pain is indicated by the stimulation of a target behavior, such as paw withdrawal from a noxious stimulus, and analgesia is indicated by an inhibition of the target behavior, such as slower paw withdrawal. However, such behavioral inhibition can be produced not only by a reduction in sensory sensitivity to the noxious stimulus (i.e., true analgesia) but also by motor effects that impair the ability of the subject to respond (a false positive result). Conversely, in an assay of paindepressed behavior, pain is indicated by depression of a target behavior, such as locomotor activity, and analgesia is indicated by recovery of the target behavior, such as increased locomotor activity. Hence, motor impairment does not produce a false positive result in assays of pain-depressed behavior and may instead exacerbate pain-related depression of behavior 7, 19 .
oPerant Procedures in Pain research
In clinical practice, diagnosis of pain-related depression of behavior typically focuses on unconditioned and overt behaviors such as locomotion, feeding or social interaction and often depends on subjective clinical assessment rooted in familiarity with the normal behavioral routines of a particular subject 3, 5 . The same behavioral endpoints can also be used in research. However, research environments also enable the use of operant conditioning procedures, in which subjects are trained to express a target behavior (e.g., pressing a lever for food), and expression of that behavior is then used to assess pain states or analgesic effects of candidate drugs [20] [21] [22] . The use of operant procedures in research on pain-depressed behavior requires an initial investment in both equipment and animal training but has several advantages. First, operant procedures can generate high behavioral response rates that are stable over time within a given subject, thereby providing a sensitive baseline for detection of within-subject effects produced by experimental manipulations. Second, experimental parameters can be adjusted to generate uniform rates and patterns of behavior across subjects, thereby facilitating comparison of effects produced by experimental manipulations across subjects. Third, the target behavior can be measured objectively, quantitatively and remotely using commercially available equipment, thereby reducing error and variability associated with subjective and qualitative pain metrics. Finally, the target behavior can be reliably elicited and probed at the experimenter's convenience, thereby permitting precise temporal control over presentation of experimental manipulations and measurement of behavior.
intracranial self-stiMulation as an oPerant Procedure in Pain research A common example of operant conditioning involves the training of laboratory rats to press a lever in order to earn food pellets. An early study reported that laparotomy produced a morphine-reversible depression of food-maintained operant responding in rats 23 . Food is thought to function as a reinforcer by activating brain reward pathways. Direct electrical stimulation of these pathways by chronically implanted electrodes can also act as a reinforcer to maintain lever-press responses in rats in a procedure known as intracranial selfstimulation (ICSS; Fig. 1 ) 24, 25 . In the ICSS procedure, rats are implanted with an electrode that targets a fiber tract called the medial forebrain bundle, which provides excitatory inputs to 'mesolimbic' dopamine neurons that originate in the ventral tegmental area Treatments that produce non-selective stimulation of behavior npg of the midbrain and project to rostral limbic areas including the nucleus accumbens. The electrode is connected by a cable to a stimulator. The timing and magnitude of stimulation can be precisely controlled, and contingencies are established such that lever-pressing delivers brief pulses of brain stimulation via the electrode. Rats readily learn to press a lever to receive brain stimulation under these conditions (Fig. 1a) , and the rate of lever-pressing varies as a function of the magnitude of the brain stimulation (Fig. 1b) . ICSS has a long history of use in research on behavioral effects of drugs [26] [27] [28] [29] and has recently been appropriated to study the expression and pharmacological modulation of pain 7, 30 . Specifically, ICSS can be used to assess pain-related behavioral depression in rats 31 . In one traditional assay of pain-stimulated behavior, a putative pain state is induced by intraperitoneal (i.p.) injection of dilute acid. Tissue acidification is a common component of many inflammatory pain states, and simulation of this state by injection of dilute acid is commonly used in preclinical pain research to stimulate a stretching or writhing behavior, inhibition of which is indicative of analgesia 6, 32, 33 . In addition to stimulating stretching or writhing behavior, however, i.p. acid administration also depresses many behaviors including feeding, locomotor activity and ICSS response rate 19, 30, 34 . Intraperitoneal administration of 1.8% lactic acid at a dosage of 1 ml per kg body weight produces a depression of lever-press response rates across a range of brain stimulation magnitudes (Fig. 2a) and a decrease in the total response rate summed across all brain stimulation magnitudes (Fig. 2b) . Other studies have shown that acid-induced depression of lever-press response rate is concentration-dependent, transient (lasting ~1 h) and replicable at weekly intervals 19, 30 . These features render i.p. acid administration useful as an experimental noxious stimulus in preclinical studies of the expression and pharmacological modulation of pain-depressed behavior using the ICSS procedure.
An emerging body of research is assessing the effects of other commonly used noxious stimuli on lever-press response rate in ICSS. ICSS response rate is depressed by noxious stimuli with prominent inflammatory components including intraplantar administration of formalin (M. Leitl and S.S.N., unpublished observations), surgical incision of the hindpaw (E. Ewan and T. Martin, personal communication) and systemic administration of lipopolysaccharide (ref. 35 and M. Leitl and S.S.N., unpublished observations). Conversely, ICSS response rate is not depressed by spinal nerve ligation (ligation of the fifth and sixth lumbar nerves), a procedure commonly used to model neuropathic pain in rats 36 . Other studies have found weak or negligible effects of common neuropathic manipulations on other measures of functional impairment or pain-related behavioral depression in rodents, such as locomotor activity, feeding, anxiety-related behavior and pain-related facial expression [37] [38] [39] .
evaluation of clinically effective analgesics using icss
The sensitivity of the depression of ICSS response rate produced by i.p. acid injection to pharmacological modulation can be evaluated as an indicator of analgesic efficacy. For example, the effects of ketoprofen, a nonsteroidal anti-inflammatory drug (NSAID) 40 , on ICSS response rate can be assessed in the presence and absence of i.p. acid administration (Fig. 3) . In the absence of the noxious stimulus, ketoprofen has no effect on the ICSS response rate (Fig. 3a) , but in the presence of the noxious stimulus, pretreatment with 1.0 mg ketoprofen per kg body weight blocks the acid-induced depression of ICSS response rate (Fig. 3b,c) . These results are in agreement with those of other studies showing that NSAIDs block other forms of pain-related behavioral depression ( Table 2 ) and have clinical efficacy in treating some types of pain. Similar results have been reported for µ-opioid agonists, the second major class of clinically effective analgesic drugs, including morphine, methadone, hydrocodone and buprenorphine 30, 41 . These drugs dose-dependently In the absence of lactic acid (LA vehicle), ketoprofen had no effect on ICSS response rate (a), but in the presence of lactic acid, pretreatment with 1.0 mg ketoprofen per kg body weight blocked the acid-induced depression of ICSS response rate (b) across a range of stimulation magnitudes (*P < 0.05). At a relatively high stimulation magnitude of 141 Hz, ketoprofen blocked acid-induced depression of ICSS response rate (thick arrow in b) but had no effect on response rate in the absence of lactic acid (thick arrow in a). However, these data at 141 Hz are not sufficient to show a lack of ketoprofen effect in the absence of acid, because baseline ICSS response rate at this stimulation magnitude was near maximal in the absence of acid and could not be further increased. Consequently, it is important to note that ketoprofen also failed to increase the lower baseline ICSS response rate maintained by a lower stimulation magnitude of 112 Hz in the absence of lactic acid (thin arrow in a). block acid-induced depression of ICSS response rate while having little or no effect on response rate in the absence of the noxious stimulus 30, 41 .
evaluation of candidate analgesics using icss
Results of ICSS experiments with ketoprofen and µ-opioid agonists validate the use of acid-induced depression of ICSS response rate to model paindepressed behavior and its sensitivity to analgesic drugs. Hence, ICSS assays can be used as a research tool in the assessment of candidate analgesic drugs undergoing development, as illustrated by the following three examples. The experimental compound SNC80 is an agonist of the δ-opioid receptor 42 . Like the NSAID ketoprofen, SNC80 has little effect on ICSS response rate in the absence of i.p. acid but dose-dependently blocks acid-induced depression of ICSS response rate (Fig. 4a) . These results support other data suggesting that δ-opioid agonists warrant further consideration as candidate analgesic drugs.
Salvinorin A is the active constituent of the plant Salvia divinorum and a selective agonist of the κ-opioid receptor 31 . In contrast to NSAIDs and µ-opioid analgesics, κ-opioid agonists like salvinorin A fail to block acid-induced depression of ICSS response rate (Fig. 4b) . These compounds are ineffective at relatively low doses and exacerbate acid-induced depression of ICSS response rate at higher doses, which also depress ICSS response rate in the absence of the noxious stimulus. These findings are illuminating as κ-opioid agonists including salvinorin A have produced robust antinociceptive effects in many preclinical assays of painstimulated behavior 31 but they have not been effective in clinical studies of analgesia, and they have not been approved for the treatment of pain. Consequently, the case of κ-opioid agonists illustrates both the potential for false positive results in assays of pain-stimulated behavior and the potential for improved translation of preclinical to clinical results using assays of paindepressed behavior.
Bupropion is a dopamine reuptake inhibitor indicated clinically for the treatment of depression 43 . Bupropion dose-dependently blocks acid-induced depression of ICSS response rate, but only at doses that also increase ICSS response rate in the absence of the noxious stimulus (Fig. 4c) . Cocaine, another compound with prominent activity as a dopamine reuptake inhibitor, has similar effects on ICSS response rate in the absence or presence of acid 31 . These findings raise the possibility that the apparent antinociceptive effects of dopamine reuptake inhibitors in the ICSS procedure may result from non-selective stimulation of behavior rather than a selective blockade of sensory sensitivity to the noxious stimulus. However, studies in humans have reported analgesic effects of dopamine reuptake inhibitors and related pharmacological and nonpharmacological treatments that increase activity of dopaminergic brain reward systems [44] [45] [46] [47] [48] [49] . This suggests that blockade of dopamine reuptake and enhanced dopaminergic neurotransmission may be associated with clinically relevant analgesia in addition to more general behavioral stimulation. Although there are clearly many circumstances when analgesia coupled with behavioral stimulation is counterproductive (e.g., when increased activity might increase risk for further injury), we have suggested that dopamine reuptake inhibitors may warrant further consideration as treatments for pain when some level of behavioral stimulation is also desirable (e.g., as an adjunct to clinically supervised physical therapy in humans) 43 .
evaluation of abuse liability using icss
The use of ICSS to study the expression and pharmacological modulation of pain-depressed behavior also resonates with a much larger and older literature on the use of ICSS to study the neurobiology of motivation. For example, the use of opioid analgesics to treat pain is constrained in part by their abuse liability 50 . Accordingly, one goal of analgesic drug development has been to develop safe analgesics that lack the abuse liability of opioids, and pursuit of this goal requires experimental tools to assess abuse-related drug effects. ICSS is one such tool. Many prominent drugs of abuse, including stimulants (e.g., cocaine and amphetamine) and µ-opioid agonists (e.g., morphine under some conditions), increase or 'facilitate' ICSS response rate; such effects are often interpreted as evidence of abuse liability 26, 27, 29, 50 . By extension, comparison of drug effects on ICSS response rate in the absence and presence of pain can be used to draw inferences not only about the behavioral selectivity of drugs but also about their abuse liability. For example, bupropion facilitates ICSS response rate in the absence of a noxious stimulus (Fig. 4c) , whereas SNC80 does not (Fig. 4a) . These data could be interpreted to suggest that bupropion has higher abuse liability than SNC80. This conclusion is consistent with other preclinical evidence suggesting a higher abuse liability for bupropion than SNC80; for example, bupropion maintains self-administration in assays of intravenous drug self-administration, whereas SNC80 does not 51, 52 .
icss exPeriMental design and data interPretation
The bupropion example emphasizes the importance of experimental design and data interpretation in ICSS assays of pain-depressed behavior in order to evaluate the potential for false positive effects. False positive effects in assays of pain-depressed behavior can result from test drugs that produce non-selective stimulation of behavior rather than true analgesia. This issue can be addressed experimentally by comparing the effects of the test drug on the target behavior in both the presence and the absence of the noxious stimulus, as described in the examples above (Figs. 3 and 4) . Analgesia is inferred if pain-related behavioral depression can be blocked by drug doses that do not affect behavior in the absence of pain. A subtle vulnerability to this approach is revealed in cases where the target behavior occurs at a high, near-maximal rate in the absence of pain. In such cases, the target behavior may be difficult to stimulate further, and hence, the lack of a drug-induced increase in behavior in the absence of pain may be misleading. This vulnerability can be mitigated by examining behavior that can be stimulated at both low and high baseline rates in the absence of pain. ICSS is ideal for this purpose. The magnitude of the brain-stimulation reinforcer can be rapidly and efficiently manipulated across a range of values to generate a range of baseline response rates in the absence of pain (Figs. 1-3) . High ICSS response rates maintained by high brain-stimulation magnitudes can then be used to examine depressant effects of pain and blockade of these depressant effects by candidate analgesics, whereas low ICSS response rates maintained by low stimulation magnitudes can be used to examine the degree to which candidate analgesics increase ICSS response rate in the absence of pain. The utility of this approach is illustrated by the experiment with ketoprofen (Fig. 3) . At a relatively high stimulation magnitude of 141 Hz, ketoprofen completely blocks the acid-induced depression of ICSS response rate (Fig. 3b) but has no effect on response rate in the absence of pain (Fig. 3a) ; however, the baseline ICSS response rate at this stimulation magnitude is near maximal in the absence of pain and cannot be further increased. Consequently, these data are not sufficient to conclude that ketoprofen has no effect on ICSS response rate in the absence of pain. Stronger evidence for this conclusion is obtained by examining ketoprofen effects on low ICSS response rates maintained by the lower stimulation magnitude of 112 Hz in the absence of pain (Fig. 3a) . At this stimulation magnitude, the baseline ICSS response rate in the absence of pain is lower and clearly sub-maximal, but it is still not affected by ketoprofen.
In addition to false positive effects caused by non-selective behavioral stimulation, assays of paindepressed behavior may also be vulnerable to false negative effects caused by non-selective behavioral depression. The experiment examining the pharmacological modulation of pain-related depression of ICSS response rate by the κ-opioid agonist salvinorin A illustrates the importance of considering this issue (Fig. 4b) . Salvinorin A fails to block acid-induced depression of ICSS response rate, a finding that was interpreted to suggest that salvinorin A lacks analgesic effects. However, an alternative possibility is that salvinorin A produces analgesia but only at doses that also produce sedative or other effects that prevent drug-induced increases in pain-depressed behavioral responses. In the case of salvinorin A and other κ-opioid agonists, clinical data support a lack of analgesic efficacy 31, 53 ; however, general anesthesia with barbiturates or volatile anesthetics illustrates the potential for other drugs to block pain while also producing sedation that could be expected to prevent increases in pain-depressed behavioral responses. Experimental strategies to address the potential for sedative drug effects to mask analgesia can be customized to particular drugs of interest (e.g., the prototype cannabinoid receptor agonist ∆9-tetrahydrocannabinol 40 ), but assays of pain-depressed behavior will be most useful for identifying drugs or drug doses that produce analgesia without sedation.
conclusions ICSS experiments have been used to evaluate the pharmacological modulation of pain-related behavioral depression by many different drugs ( Table 3) . Taken together, the results of these experiments suggest three major conclusions. First, acid-depressed ICSS response rate is an example of acute pain-related behavioral depression that is sensitive to two major classes of clinically effective analgesic drugs (NSAIDs and µ-opioid agonists). Second, unlike conventional assays of pain-stimulated behavior, the assay of pain-depressed ICSS response rate does not produce false positive antinociceptive results for several drug classes that are clinically ineffective for the treatment of acute pain in humans (κ-opioid agonists, dopamine receptor antagonists, cannabinoid receptor agonists). Third, ICSS can be used to generate a wide range of baseline behavioral response rates that are sensitive not only to the depressant effects of pain but also to the stimulant and potentially abuse-related effects of candidate analgesics. These three attributes suggest that acid-induced depression of ICSS response rate is a useful experimental tool in the development of safe analgesics to treat acute pain. Future applications of ICSS experiments may include research to characterize the neural mechanisms of acute visceral pain and to examine the expression and pharmacological modulation of depressant effects associated with more chronic forms of pain.
